1. Concurrent resting and postural tremors of patients with idiopathic Parkinson's disease were monitored using transducers responding to angular velocity of rotation. Spectra and correlation functions were calculated for each pair of records. 2. When concurrent tremor spectra share indistinguishable fundamental frequencies, have statistically significant peaks in their coherence spectra at those fundamental frequencies, and show significant peaks in their cross-correlation functions near zero delay, they are classified as linearly dependent. When such tremor records are superimposed, their phaselocked behaviour is evident. 3. Pairs of correlated concurrent tremors, of varying duration, have been observed in both hands, both feet and in either hand and the contralateral or ipsilateral foot. Correlated tremors may be concurrent with other tremors that are independent. We hypothesize that correlated Parkinson tremors arise from one or more common (and possibly unilateral) central sources.
Tremors often have similar frequencies even when unquestionably independent, as, for example, tremors from a single individual on different occasions (Hunker & Abbs, 1990) or from two different individuals. When concurrent tremors have similar frequencies they may, when observed clinically, appear to be correlated when they are not, and since tremors undergo moment-to-moment amplitude and frequency fluctuations (O'Suilleabhain & Matsumoto, 1998) , their relationship may seem uncertain even if they are correlated. For this reason, we have attempted, in the examples shown here based on tremor data of relatively simple harmonic composition, to avoid confusing true and apparent independence, true and apparent correlation. It is not a simple matter to establish whether two tremors are independent. Direct visual inspection of the records may be misleading, as our examples show, if the two tremors have different harmonic content. Tremors are also non-stationary, i.e. their statistical properties may change rapidly over time, and spectra and correlation functions calculated over such periods may obscure a dynamic relation present at some times but not others. Tremors may also be non-linearly dependent but, by the usual linear tests, appear to be independent. Occasionally, for example, one tremor may exhibit a single large peak at a frequency that is a harmonic of the fundamental frequency of the other tremor and yet show little activity at the fundamental frequency itself: the tremors would be statistically uncorrelated (linearly independent) but not truly independent.
A number of techniques should be used to test for linear independence between tremors. First, it should be determined whether the spectra of the two tremors have significant peaks at indistinguishable frequencies. When they do not, it may still be desirable to calculate the coherence spectrum (see below) to determine if there are frequencies at which the tremors appear to be significantly related in a linear sense even though the power level of one tremor at that frequency is much less than that of the other. When tremors share significant peaks in their spectra, one next determines whether those peaks appear concurrently in any subsection of the record or whether they arise at different times. If the peaks are never concurrent, the tremors may be assumed to be linearly independent. If there are concurrently shared spectral peaks, the cross-correlation function and the coherence spectrum should be calculated over the section of the record where the shared peaks occur. When the power spectra do not share significant peaks, the cross-correlation function and coherence spectrum have magnitudes approaching zero, the key signs of linear independence. When the spectral composition of the tremors indicates that a single fundamental frequency dominates both tremors, as is the case in most of the examples shown here, then the cross-correlation function, and its analogue in the frequency domain, the coherence spectrum, have magnitudes approaching 1·0. In such cases we superimpose the two tremor records to confirm by visual inspection that the tremors are phase-locked, i.e. synchronized with a time delay. It is important to note that any uncorrelated activity within the tremors, and of course any other concurrently recorded motor activity independent of the tremors, will reduce the magnitude of the coherence and cross-correlation functions. The same would apply to contributions of the gravitational field when conventional accelerometers are employed, or to EMG signals when they are used to monitor tremor activity. Auto-and cross-spectra were calculated using standard fast Fourier transform (FFT) algorithms (Bendat & Piersol, 1993) . The 1000 data points were extended with zeros to make 1024 points. Prior to calculating tremor spectra, sinusoidal functions, centred at frequencies where little tremor activity was present, were sometimes added to the digitized tremor data. These do not affect spectral estimates at other frequencies and demonstrate how sinusoids of known frequency and amplitude are treated by the analysis procedures. Spectra were not averaged. Linear power scales were used in all figures. The frequency resolution of the spectral calculations (separation between spectral points), is equal to 1ÏT (Hz), where T is the record length in seconds, and is given in the legends.
To obtain the coherence function, we averaged the auto-spectral estimates of the tremors, Gxx(f) and Gyy(f) , and the cross-spectral estimates, Gxy(f), from consecutive non-overlapping subsections of the entire record, averaging the real and imaginary components separately. Here, x(t) and y(t) are the two tremor time series, and f is the frequency variable (in Hz) of the spectral estimates, G. Using these, the coherence spectrum was then estimated by: ãÂ(f) = |Gxy(f)|ÂÏGxx(f)Gyy(f) (Bendat & Piersol, 1993) . Subdividing the record increased the separation between the estimated spectral points, reducing the frequency resolution of the spectrum. To minimize the presence of leakage to side-lobes in the spectrum, each subsection of the record was first transformed using a cosine (Hanning) window and padded with zeros to make 1024 points before applying an FFT procedure. The resulting spectral plots are linear interpolations between the calculated spectral points. The coherence function has a value between 0 (linear independence) and 1 (perfect linear dependence), and estimates the degree to which a given frequency component in the tremors maintains a constant phase relation across the record. The coherence is independent of the magnitude of the spectral components in the record. Thus the coherence at a given frequency may be high even if one or both tremors have little power at that frequency.
The issue of what constitutes a significant peak in the coherence function is of great importance. The usual statistical tests are formulated for the case in which one wants to detect a sinusoid common to two signals, but hidden in noise. Our tremor records are often sinusoids many times larger than any component that could be regarded as either functional or instrumental noise. The problem is not in detecting the sinusoids but determining if they are linearly related (i.e. have identical frequencies and a fixed phase relation), or whether they are independent and simply have nearby frequencies. It is useful, therefore, to conduct tests using simulated data to determine the effectiveness of coherence measures in determining whether tremors with nearby, but not identical, frequencies are distinguished using short records. It may in some instances be an intractable problem, since the very nature of coherence analysis reduces, rather than sharpens, the precision in determining frequency and phase. We therefore show here only cases in which the coherence at the main spectral frequencies is well above or below the nominal 99% confidence limits given in Rosenberg et al. (1989) . Coherence calculations have been employed before in studying the relation between tremor, EMG and single neurone signals (Lenz et al. 1988; Halliday et al. 1995; Zirh et al. 1997; Timmer et al. 1998; Hurtado et al. 1999; Raethjen et al. 2000) . The cross-correlation function at lag k (here equal to 10k ms) was computed as follows: 1
where x(j) and y(j) are the original time series data with their means subtracted; N is the number of data points used in the calculation. Autocorrelation functions were computed by substituting either x(j) or y(j) for the other variable in this equation.
Confidence limits for the cross-correlation function may be found in Halliday et al. (1995) , but again, our records do not satisfy the usual assumptions for those tests in which the goal is to detect a sinusoid common to two signals but hidden in noise. Parkinson tremors are often so periodic, and their frequencies so similar, that cross-correlations often appear to have significant structure, and the problem is only compounded by short records. Conversely, some of the tremor records reported here contain significant power at harmonics of the fundamental frequency. Odd harmonics in particular reduce the amplitudes in the cross-correlation, obscuring the magnitude and the estimated significance of the underlying dependence between the tremors. We consider the results reported here, based on relatively uncomplicated time series data, to be unambiguously significant or non-significant. We leave for the future how the question of independence might be studied in more ambiguous and complex cases.
RESULTS
The tremor records shown in Fig. 1A were recorded during 10 s of concurrent movements of a Parkinson patient exhibiting resting tremor in all four extremities. The three tremors shown here (the fourth was not recorded) have a similar appearance with respect to their basic frequency and the presence of amplitude modulation. The hand tremor scale is reduced by a factor of 5 for comparison because of its larger amplitude. Whether there is any relationship between the tremors is not evident from casual inspection of the records or by observing the patient. Both tremors from the left side show smaller deflections, and these correspond to the harmonics in their spectra.
In Fig. 1B , we compare two pairs of the tremors in the frequency domain. On the left we compare the foot tremors.
On the right are shown the spectra of the two left-side tremors, i.e. the left hand and foot tremors. The foot spectrum (thick line) is identical to that shown on the left. We omit the third pair (right foot-left hand) because the data were very similar, qualitatively and quantitatively, to the hand-foot pair shown. It can be seen that the foot tremors have similar spectra, with considerable overlap in their main peaks near 5 Hz.
Only the left foot tremor shows a peak at the first-harmonic frequency near 10 Hz. (The peak near 19 Hz is introduced for scaling purposes and not derived from the original data.) The hand-foot spectra (the hand data attenuated by a factor of 5 for comparison) have far less overlap at their fundamental frequencies. Their peaks at the first harmonic are also separated. These relations are further clarified by examining the coherence spectra in Fig. 1C . For the foot tremors, shown on the left, there is a broad peak located in the region of the fundamental frequencies, and it is well above the 99% significance line, indicating a strong linear relationship between the two foot tremor spectra. This indicates that the frequency and phase relations of the two tremors are significantly correlated over this 10 s record. The coherence spectrum computed from the foot-hand tremors is of a magnitude well below the 99% significance line, confirming that, on average, the two tremors exhibit different frequencies and therefore shifting phase relations over the same period.
In Fig. 1D , we examine the data from a third perspective using the cross-correlation function calculated from the same pairs of records. On the left, the sinusoidal shape of the correlation function reflects the similarity (or identity) and the stability of the basic frequencies. The position of the central peak at −30 ms indicates that the two tremors are slightly delayed in the timing of their maximum or minimum angular velocity. The correlation function on the right shows that over this 10 s period the hand-foot tremors, on average, are essentially uncorrelated. Thus, in this example, we have strong evidence suggesting linear independence between the hand-foot tremors, and a strong suggestion of non-independence of the foot tremors. We note that there may be a stronger relationship between the hand-foot tremors at some brief and isolated portions of the record, but in practical terms we do not pursue such a situation further. Conversely, though we have strong evidence here of a dependent relationship between the foot tremors, we can also look further to see if that dependence is maintained throughout the 10 s, or perhaps confined to an identifiable subsection of the record. If it is present only in a subsection of the record, then we expect the correlation to be even greater in that subsection. If the correlation is maintained throughout the record, all additional uncorrelated activity weakens their apparent correlation. This point is made clearer in Fig. 2 . In Fig. 2A , the foot tremor records are superimposed but with the right foot record delayed (shifted to the right) by +30 ms. The similarity of the two in both amplitude and waveform over the period 2-7 s is unmistakable. Within the whole period of observation the tremors appear to make transitions from essentially independent processes (0-2 s; 7-8 s) to essentially identical processes (2-7 s; 8-10 s) without any evidence of discontinuity. The calculations in Fig. 2B -D are based on the subsection of the record from 2 to 7 s. The spectra shown in Fig. 2B are, except for the presence of the harmonic peak in one tremor, nearly identical. We provide alternative interpretations of the spectra below (see Discussion). The peak of the coherence spectrum has risen to 0·93, indicating a nearly linear relationship, and the cross-correlation function has peaks approaching ±0·9, also indicating almost perfect correlation. In the previous example, all three tremor records appeared similar, but their complexity and amplitude modulation made difficult any judgements about their independence on the basis of visual inspection alone. Another instance where independence is difficult to judge is shown in Fig. 3A . Here concurrent resting tremors of both feet have waveforms so different that they appear unrelated. In Fig. 3B , their spectra, calculated over the subsection from 0 to 3 s, are superimposed, from which it can be seen that they differ primarily with respect to their very different harmonic weights. Their sharply tuned fundamental frequencies, near 5 Hz, appear identical. The left foot tremor actually has more than half of its energy at the higher harmonic frequencies, reflecting the waveform difference seen in the raw data. The right foot tremor also has energy at the same -i.e. indistinguishable -harmonic frequencies. A broad peak near 5 Hz in the coherence spectrum (not shown) had a value close to 1·0, indicating a nearly exact linear relationship between the tremors at that frequency. Auto-and cross-correlation functions calculated from the first 4 s of data are shown in Fig. 3C . These reflect the stability of the shared fundamental frequency near 5 Hz and the presence of its higher harmonics. Since a fundamental and its harmonics have a non-linear relationship, the presence of both here actually reduces the magnitude of the primary (linear) correlation. The cross-correlation function shows that the fundamental and harmonic frequencies are shared by the two tremors and that the tremors reach their peak velocities at slightly different times -i.e. are phaselocked. This is confirmed by direct observation of the superimposed tremors in Fig. 3D . Because the tremors are cyclic, neither should be assumed to lead the other in any causal sense. A similar example is shown in Fig. 4A . the spectral domain reveals the close coupling between them. In Fig. 4B , the tremor spectra, calculated from the data over the sub-record from 5·0 to 9·5 s, are superimposed (though with unequal scaling). They appear to share indistinguishable peak frequencies near 6 and 9 Hz. Indeed, the right hand tremor (thick line) has appreciable power only at those two frequencies. If only this tremor were observed it would be presumed that these were two independent frequencies. However, the peak near 3 Hz in the tremor spectrum from the right hand reveals the presence of an unusually lowfrequency fundamental, and indicates that the other peaks in both spectra are harmonics of that fundamental (which is missing along with the third harmonic near 12 Hz, in the tremor of the left hand). So, despite the apparent complexity of the tremors, both are seen to share a single common fundamental. Their different harmonic weights contribute to the complexity of their cross-correlation function (Fig. 4C) reducing the overall magnitude of some peaks. The form of the correlation function is largely determined by the relative magnitudes and phases of the two dominant shared spectral frequencies, and can be simulated using simple weighted sums of sinusoids. Sections of the two tremor records are superimposed in Fig. 4D . The left hand record (thin line) has been shifted to the right (delayed) by 20 ms, a timing offset suggested by the cross-correlation function (Fig. 4C) . It can be seen that the two tremors are phase-locked and, in this delayed sense, synchronized. Hz, equivalent to 50 deg s¢ peak-to-peak, were added to the digital data before calculating spectra. Separation of spectral points, 0·3 Hz. The lowest frequency peak is estimated to be at 5·4 Hz. The coherence at this peak, calculated using 8 segments of 32 points each over the epoch 0-3 s, is estimated to be 0·97. Separation of spectral points for the coherence calculation, 3 Hz. C, auto-and crosscorrelation functions with delays ranging from −0·5 to +0·5 s. Calculated from the first 4 s of data. Top trace: autocorrelation function for the right foot. Middle trace: autocorrelation for the left foot. Bottom trace: cross-correlation function; reference channel, left foot. Note the central peak in the crosscorrelation at +30 ms. The value at that peak is approximately +0·8. Vertical scale: ±1·0. D, superposition of the tremor records, 0-3 s. Vertical scale: ±50 deg s¢.
DISCUSSION
The examples shown here demonstrate that for brief periods of time there can be a marked degree of correlation between concurrent resting and postural tremors in Parkinson patients. This is more commonly -but not exclusivelyobserved bilaterally between corresponding extremities, but we have seen the phenomenon at some time in each possible pair of the four extremities. Figure 1 demonstrates bilateral phase-locked tremors, but also shows a third tremor with a different fundamental frequency, from which we conclude that even in patients demonstrating a propensity for correlation and synchronization, other independent tremors may also exist concurrently. Since episodes of correlation may be brief and the tremors appear dissimilar, they may be difficult to detect. Even more refined analytical tools, such as spectral and correlation functions, may, if the timespan over which they are computed is too broad, miss periods of highly dependent bilateral tremors. This may account for the difference between our results, derived from 10 s (or briefer) records, and those of Raethjen et al. (2000) , based on 30 s records, who reported finding inter-limb tremor correlations in only one of 22 patients with Parkinson's disease (using EMG signals as markers of tremor activity In Fig. 2B , by contrast, three spectral lines are present near 5 Hz. It is important, however, to distinguish between the spectra themselves and the several models of the underlying process which might lead to those spectra. From a formal point of view the tremors in Fig. 2 could arise from the linear superposition of sinusoids at the frequencies and amplitudes displayed in the spectra. This is the formal meaning of the spectrum: the original data can be reconstructed from the phase and amplitude information in the spectrum. Both tremors in Fig. 2 , however, also exhibit amplitude modulations, suggesting that their spectra could be explained by an alternative non-linear model of the tremor-generating process: namely, amplitude modulation of a single sinusoidal generator (Gresty & Buckwell, 1990) . The fact that the three peaks in the spectrum near 5 Hz are closely and rather evenly spaced, a characteristic spectral feature of sinusoids subjected to sinusoidal amplitude modulation, is suggestive. In principle, there is no way, based on these data, to decide which of these, or other, models is superior. Both models could account for the original tremor data and their spectra. If the amplitudemodulation hypothesis is correct, then both tremors share not only a single common frequency source, but also are subject to similar, though not necessarily identical, modulation processes. There are reports of central neurones recorded concurrently with tremor (or tremor-associated EMG signals) from the motor thalamus (Lenz et al. 1988; Zirh et al. 1998 ) and the internal segment of the globus pallidus (Hutchison et al. 1997; Hurtado et al. 1999 ) in Parkinson's patients undergoing neurosurgery. Samples of tremors from 1_methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated green monkeys and unit activity recorded in the subthalamic nucleus (Bergman et al. 1994 ) have also been published. One would expect, of course, that neurones involved in tremor genesis would share a fundamental frequency with the tremors, but it is perhaps pertinent that some central neurones firing in bursts at a basic fundamental frequency also have significant activity at the harmonics of that frequency (Lenz et al. 1988; Bergman et al. 1994 Bergman et al. , 1998a Nini et al. 1995; Zirh et al. 1998 ).
The expected behaviour of a central neurone associated with the tremors shown in Fig. 2 , with their multi-peaked spectra, would depend on the model of the generating process. For the two hypotheses already mentioned -linear superposition of sinusoidal oscillators versus amplitude modulation of a single oscillator -the relation of the spike train to the tremor would be entirely different. If the superposition model were correct, one would expect to see neurones firing in bursts at each of the three observed, presumably fundamental, frequencies. It is possible, though unlikely, that a single neurone (or group) could do this. Perhaps, instead, several ensembles would contribute to the process, each coherent with one of the fundamental frequencies. But if the amplitude-modulation hypothesis were correct, and the processes determining frequency and amplitude were anatomically and functionally separated, one would still expect a group of neurones to be coherent with the central (fundamental) peak. But no central tremorgenerating group would show activity at the side-band frequencies located on either side of the fundamental, which arise from the modulation process itself. Amplitudemodulating neurones or processes would exhibit cyclic activity at lower frequencies (less than 1 Hz in this example) that define the timescale of amplitude modulation. Those low frequencies would not be reflected as significant peaks in the tremor spectra. Low-frequency oscillatory activity observed in neurones associated with modulation would therefore not appear to have any relation to the tremor spectrum, and might be judged unrelated or irrelevant. The tremors shown in Figs 3 and 4 are presumed to arise from a single source; the tremors in Fig. 2 could also arise from a single frequency source. But it is possible that individual tremors can arise from more than one frequency generator, the evidence for which would be multiple significant peaks in the spectra. (Since spectra calculated from records taken over an extended period of time confound non-stationary behaviour, e.g. changing tremor frequencies, with the presence of multiple independent generators, caution is required.) Some of these generators might be coupled, others not. In this case, though the tremors are not entirely independent, the tremor records would certainly appear different, and their spectra might be of sufficient complexity to make identification of a shared source difficult. The coherence spectrum might be useful, though the presence of additional independent sources of power near the shared frequencies would also make this problematic. Central tremor-generating neurones would be coherent with those frequencies in the tremor associated with their activity but not with frequencies derived from other independent sources. Whether this occurs remains to be seen, but single neurone recordings obtained with concurrent tremor records during surgical procedures may help to clarify how many independent generators are active at a given moment for each tremor. We can postulate the existence of ensembles of neurones whose interactions determine the fundamental frequency of a tremor, and possibly its harmonic content as well. Additional processes, which need not be periodic, would serve to determine its amplitude from moment to moment. Our data suggest that, at some points in time, signals from the generator of one tremor determine, strongly influence, or entrain the generator of a concurrent tremor. Interactions between generators may even be reciprocal. We cannot say at how many levels or sites these interactions occur, nor identify the conditions in which the synchronizing interaction is established or broken. More study will be required to determine the prevalence and duration of these periods of tremor correlation (and the periods that separate them), and the extent to which unpaired or ipsilateral extremities are
